Abstract The onset of an auroral substorm is generally thought to occur on a quiet, homogeneous auroral arc. We present a statistical study of independently selected substorm onset arcs and find that over 90% of the arcs studied have resolvable characteristic spatial scales in the form of auroral beads. We find that the vast majority (~88%) of auroral beads have small amplitudes relative to the background, making them invisible without quantitative analysis. This confirms that auroral beads are highly likely to be ubiquitous to all onset arcs, rather than a special case phenomena as previously thought. Moreover, as these auroral beads grow exponentially through onset, we conclude that a magnetospheric plasma instability is fundamental to substorm onset itself.
Introduction
The fundamental interaction between solar wind with a southward magnetic field and the oppositely orientated magnetospheric field results in magnetic reconnection on the dayside magnetopause which causes a buildup of open magnetic flux and storage of energy in the magnetotail lobes [McPherron, 1970] . The substorm expansion phase is the subsequent explosive release of this stored energy and is traditionally identified in the ionosphere by "a sudden brightening of the most equatorward auroral arc, or the sudden formation of a new arc which rapidly brightens and expands" [Akasofu, 1964 [Akasofu, , 1977 . The magnetospheric processes which drive these large-scale auroral dynamics, and the sequence in which they happen, are widely disputed. The two predominant substorm models are based on whether the substorm is initiated by processes such as instabilities at the inner edge of the plasma sheet [e.g., Lui, 1991; Roux et al., 1991] or with tail reconnection at the near-Earth neutral line [e.g., Hones, 1976; Baker et al., 1996] .
Magnetosphere dynamics can be remotely sensed through space and ground-based auroral campaigns [Shiokawa et al., 1996; Mende et al., 2000 Mende et al., , 2008 Angelopoulos, 2008; Motoba et al., 2012] . These have enabled detailed studies of the morphology of substorm aurora and revealed the complexity of substorm dynamics initially reported by Akasofu [1964 Akasofu [ , 1977 . Structures known as auroral rays or beads have been observed to form azimuthally along the substorm onset arc in the minutes before auroral substorm onset [Davis, 1962; Henderson, 1994] . In recent years there have been many studies of auroral beads from data acquired by high resolution (temporal and spatial) ground-based all-sky imagers (ASIs) [e.g., Friedrich et al., 2001; Kepko et al., 2009; Sakaguchi et al., 2009; Rae et al., 2009 Rae et al., , 2010 Motoba et al., 2012; Murphy et al., 2014; Kalmoni et al., 2015] in which beads are reported to have spatial scales, or wavelengths, in the range 30-150 km in the ionosphere. Sakaguchi et al. [2009] reported two case studies of substorm onset arcs which exhibited beading with spatial scales of 30-60 km in the ionosphere. This scale closely corresponds to the ion gyro radius of 1-10 keV protons in the plasma sheet at 10 R E , where the magnetic field strength is~12 nT. Motoba et al. [2012] observed beads with wavelengths of 30-50 km at magnetically conjugate stations in the Northern and Southern hemispheres, confirming that the source of the beads is most likely in the equatorial magnetosphere. There have also been multiple substorm studies in which auroral beads were not reported [e.g., Angelopoulos et al., 2008; Nishimura et al., 2010] leading to a general consensus that auroral beads are only part of the auroral substorm sequence in a small subset of substorms.
Typically, the formation of auroral beads at substorm onset has been associated with the development of a plasma instability in the inner magnetosphere prior to the onset of reconnection in the tail [e.g., Rae et al., 2009; Murphy et al., 2014; Kalmoni et al., 2015] . Rae et al. [2009] showed that auroral beads in the ionosphere and coincident ULF Pi1-2 wave activity preceded auroral breakup. In the absence of any observational evidence for the occurrence of reconnection, these authors concluded that a near-Earth magnetospheric • Supporting Information S1
• Figure S1 Correspondence to: instability developed before the onset of reconnection in the tail. Using ground-based and multipoint in situ data, Murphy et al. [2014] presented a detailed analysis of two consecutive substorms and demonstrated that the development of auroral beads and disturbances in the inner magnetosphere preceded any evidence of tail reconnection further away from the Earth. Kalmoni et al. [2015] presented a statistical study of auroral substorm onset arcs with clear, visually identified, auroral beads. The authors demonstrated that, for all of these arcs, the auroral brightness grew exponentially with time for a common range of spatial scales, suggesting these are evidence of wave processes in the magnetosphere. This exponentially growing auroral beads signature is indicative of plasma instability [e.g., Rae et al., 2010] . The statistically dominant magnetospheric spatial scales of k = 2.5-3.75 × 10 À6 m À1 and growth rates of~0.05 s À1 obtained by Kalmoni et al. [2015] are consistent with both the shear-flow ballooning instability [Voronkov et al., 1997] and the cross-field current instability [Lui, 2004] at the inner edge of the plasma sheet, with the majority of events mapping to 9-12 R E in the magnetotail.
In this paper we present a quantitative analysis of 195 independently identified onset arcs in order to investigate whether azimuthal structuring is a common feature of all substorm onset arcs. Although the majority of arcs may visually appear homogeneous, through detailed, quantitative analysis we demonstrate that welldefined spatial scales are detectable in at least 90% of onset arcs.
Methods
In this study we used data from the ASIs associated with the NASA Time History of Events and Macroscale Interactions during Substorms (THEMIS) mission [Angelopoulos, 2008; Mende et al., 2008 ] to quantitatively and statistically characterize the azimuthal structure of auroral onset arcs. An example of the analysis technique used to make this characterization is shown in Figure 1 . Figure 1a shows an isolated auroral substorm observed at the center of the Fort Yukon ASI on 9 February 2007. The three images show the evolution from a faint auroral arc at 10:16:00 UT to a highly structured bright arc at 10:17:00 UT, resulting in auroral breakup at 10:17:30 UT. Near-midnight auroral arcs are typically aligned with constant geomagnetic latitude, whereas away-from-midnight auroral arcs become skewed, deviating from constant latitude contours by as much as 20° [Gillies et al., 2014] . Since substorm onset typically occurs in the premidnight sector [Frey et al., 2004] , the onset arc will be skewed relative to constant geomagnetic latitude. Hence, we develop an arc-finding algorithm to track the onset arc as a function of longitude through the growth and early expansion phases of the substorm, during which the arc often moves latitudinally. The arcs are tracked until auroral breakup, at which point there is no longer a discrete arc as the westward traveling surge has formed and aurora has begun to fill the night sky.
To account for latitudinal skewing of the arc, we find the position of the arc in latitude as a function of geomagnetic longitude for each image by fitting a Gaussian function to each longitudinal slice to identify the latitudinal center of the arc. Examples of the arcs determined by this method are outlined in white/black in Figure 1a . The arc is most clearly visible in the earliest frame shown and does not change orientation appreciably in the subsequent frames. Figure 1b shows the logarithm of the total auroral intensity in the whole field of view of the Fort Yukon imager for the duration of the event. The total auroral intensity is used to determine auroral substorm onset, our zero epoch time, for this statistical study. We use the start time of large-scale exponential growth of the total auroral intensity in the field of view of the ASI as our definition for auroral substorm onset. Substorm onset has thus been identified as 10:16:33 UT for this event (second vertical line in Figures 1b-1e ), using a linear fitting technique in log-space to determine the start time at which the data are best represented by a linear trend (see supporting information S1).
In order to investigate the azimuthal structuring of the auroral arc, the auroral intensity for the latitudinally moving arc (equatorward during the growth phase and poleward during the expansion phase) is used to create an along-arc (azimuthal) keogram as a function of geomagnetic longitude. Figure 1c shows the along-arc keogram for the moving arc identified by the arc-finding algorithm described above. On close inspection of the keogram, auroral beading, indicated by faint repeating features of higher intensity moving Westward (to lower longitudes), is visible at longitudes above À94.0°prior to 10:16:30 UT. However, the beading signature also becomes visible in the center of the keogram after 10:16:00 UT at approximately À97.0°longitude. the characteristic structuring of the onset arc. A robust characterization of the spatial scales requires the signal to be detrended without being polluted by any static background. We use along-arc numerical differentiation (with respect to longitude) to remove the background auroral arc. This allows the study of the variations in background intensity along the arc, with minimal background contributions, and hence, the resultant data set is primarily of auroral bead amplitudes only. The differentiated keogram within which the static auroral background has been removed is shown in Figure 1d . The intensity gradients associated with the auroral beads are identified throughout the along-arc keogram by the coherent green and purple features indicating a positive and negative gradient in bead intensity, respectively. This analysis reveals the much clearer signatures of beads by the transition from green to purple in the keogram, observed at the various times and locations along the arc described above.
We apply Fourier analysis to each time point of the differentiated keogram containing signatures of the beads only (Figure 1d ) using the method outlined in Kalmoni et al. [2015] , resulting in a whitened power spectral density (PSD). We identify the temporal evolution of characteristic spatial scales from the dominant peaks of the PSD. Figure 1e shows that the PSD evolves from higher to lower wavenumbers through the late growth and early expansion phases and grows around three orders of magnitude in the process. The largest amplitude wavenumbers are marked by the black dots as a function of time. The identified dominant wavenumbers appear to be concentrated around 2 × 10 À4 m À1 (~30 km) initially and evolve to spatial scales of~0.8-1.0 × 10 À4 m À1 (~60-80 km) following substorm onset. For further details, see supporting information S1.
In this study we use the dynamic PSD to calculate to the following parameters to determine whether auroral beads are embedded within the substorm onset arc and, if so, their evolution:
1. Characteristic spatial scale: A dominant peak in PSD at a specific time indicates that there is a characteristic spatial scale embedded within the onset arc. Details on this calculation can be found in supporting information S1. We note here that this quantitative analysis can also be used to determine the azimuthal motion of auroral beads which to first order would correspond to a wave phase speed. As our hypothesis is to determine whether beads are ubiquitous to all substorm arcs, we leave this to a further study.
The analysis and methodology described above is applied to 195 substorm onset arcs in order to statistically quantify the azimuthal structure of such arcs. The substorms are identified using the SOPHIE algorithm from the years 2006-2014 inclusive, which identifies substorm onset from the SuperMag SML index [Newell and Gjerloev, 2011; Gjerloev, 2012] and provides an independent and unbiased substorm list from which events are selected. We also limit our study to isolated substorms that were preceded by a growth phase. For more detailed event selection criteria and additional events, see supporting information S1. Figure 2 shows a superposed epoch analysis of the results for all 195 events analyzed, where auroral substorm onset is determined by the large-scale exponential brightening, as detailed in supporting information S1 and shown in Figure 1b , and corresponds to the epoch time. For the results presented in Figure 2 , we use a common spatial resolution to display our statistical results, as the spatial resolution for each event is dependent upon the longitudinal extent of the auroral arc and its location in the field of view of the imager. The number of data points used to make Figures 2b and 2c are shown in Figure 2a . Note that the number of points can exceed the number of events (195) used in the study, as the individual PSDs (e.g., Figure 1e ) are rebinned into a uniform common k versus time grid to create the statistical plot in Figure 2b . This means that for events with a low Nyquist frequency, multiple points from the same event can fall into the same statistical bin. In the range from À2.5 to +1 min and up to k = 3.0 × 10 À4 m À1 , there are over 100 data points per bin (shown in white in Figure 1a ). This shows that the results between these values presented in Figures 2b-2d are not statistical outliers. common. We note here that the broader spectral peak may be due to a combination of statistical averaging over many events and the effect of using whitened PSDs (e.g., Figure 1e ) to generate this statistical plot. In general, enhancement of PSD at these wavenumbers exists 2-3 min prior to substorm onset. Around 2 min prior to substorm onset, the statistical wave power grows over a large range of spatial scales up to k = 2.0 × 10 À4 m
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.The appearance of growth at higher wavenumbers occurring later is an effect of color scale. Hence, in Figure 2c , we also show growth through specific wavenumbers to demonstrate that growth over a wide range of wavenumbers commences at approximately the same time.
The median of auroral brightness at each wavenumber shows exponential growth in the minutes before the more generally accepted definition of auroral onset, as denoted in Figure 1b . Figure 2c shows horizontal slices on a logarithmic scale through five representative wavenumbers shown in Figure 2b for k = 0.3, 0.9, 1.5, 2.1, 2.9 × 10 À4 m À1 . The overall exponential trend in PSD growth is consistent with the linear stage of plasma instability, as has been shown previously [Rae et al., 2010; Kalmoni et al., 2015] . Growth in the statistical PSD of the beads is observed prior to large-scale auroral substorm onset (Figure 1b) . This is the exponential growth of the beads, which starts prior to the large-scale exponential growth of total auroral intensity (which includes both the background auroral arc intensity and the auroral beads).
We note here that Figures 2b and 2c show growth of spatial scales that are an order of magnitude smaller than the case study presented in Figure 1e . This is due to the constructing statistical averages from a highly variable physical process of substorm onset. Figure 2d shows the statistics of the characteristic spatial scales identified using the method described in section 2 and in supporting information S1, which are denoted by the black dots in Figure 1e . The median spatial scale remains approximately constant at k = 0.8 × 10 À4 m À1 (λ = 80 km) at all epochs. There is no clear change in the median (black), upper and lower quartiles (pink), and minimum (lower dotted) values of the distributions of characteristic spatial scales before and after substorm onset. This suggests that, at least in each event, one single instability dominates for the duration of the analysis or that multiple instabilities that excite the same characteristic wavenumber must be present.
Auroral beads were detected by our automated algorithm for over 90% of events analyzed. The cumulative probability of auroral beading is shown in Figure 2e . This is calculated from the beading onsets described in section 2. Characteristic azimuthal spatial scales are detected for 70% of events prior to auroral onset. This increases to 90% at 2 min postonset, suggesting that instabilities are integral to the substorm onset process.
In order to understand why beads have previously been underreported, we examine the relative amplitude of the detected beads to the auroral arc on which they occur. Figure 3a shows the occurrence probability of fractional bead amplitude (bead amplitude/arc intensity) as a function of arc intensity for (i) preonset and (ii) postonset times. The arc intensity is defined as the median background arc auroral intensity at that time. The increasing trend in the distribution shows that bead amplitude and arc intensity grow independently from each other. Figure 3b shows the probability of fractional bead amplitude (bead amplitude/arc intensity) as a function of bead amplitude in the same format as Figure 3a . The distribution shows that for larger bead amplitudes, the beads constitute a larger fraction of the total arc intensity, which means that they are more easily visually identifiable. Figure 3b also demonstrates that there is a higher likelihood of high bead amplitude (ii) postonset compared to (i) preonset. This demonstrates that both absolute bead amplitudes and bead amplitude relative to the background arc intensity grow during substorm onset. Prior to substorm onset, the distribution has a tail of low bead amplitudes, which are less than 40 counts above of the background arc, and 1% of the total arc intensity (Figure 3b(i) , bottom left). Very few points in the distribution have amplitudes above 2000 counts and extend above 30% of the total arc intensity (Figure 3b(i) , top right). Postonset, Figure 3b (ii), it is clear from the lower left of the two-dimensional histogram that fewer events have such low bead amplitudes and that there are more events with higher bead amplitudes and fractional bead amplitudes. This shows that the bead amplitude grows through substorm onset. Clearly, the auroral arc intensity also grows. However, a change in both the absolute bead amplitude and the fractional bead amplitude between the preonset and postonset distributions demonstrates not only that there is an increase in bead amplitude during the substorm onset process but also that the bead amplitude and arc intensity grow independently from each other. In Figure 3c we show the difference between the preonset and postonset distributions (Figure 3b(i) , (ii)). This confirms the decrease in the percentage of points in the distribution where the bead amplitude is a small fraction of the background arc intensity and an increase in the number of points where the bead amplitude is a larger fraction of the background arc intensity. Figure 3d shows the probability distribution of the fractional bead amplitude. The fractional bead amplitude distribution prior to onset is shifted toward the higher fractional amplitudes after onset. Together with the positive gradient in Figure 3a , this change confirms that the bead amplitude and arc intensity are changing independently of each other during the onset process. Preonset, 88% of the events have beads with amplitude of less than 10% of the arc intensity; postonset, this number decreases to 76%. Despite the fact these onset arcs are almost always azimuthally structured, the vast majority of auroral beads have an amplitude lower than 10% of the background arc. A low fractional bead amplitude explains why beads are not frequently reported during substorms, as low amplitude beads will not be visually identified unless quantitative auroral analysis techniques, such as those described in this paper, are used.
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Discussion
In this paper we present evidence that azimuthal structuring known as "auroral beads" is a fundamental component of the onset arc, and beads are observed in at least 90% of auroral substorms. This is the most comprehensive statistical study to date which supports theories Roux et al., 1991; Voronkov et al., 1997; Lui, 2004] and previous observations [e.g., Rae et al., 2009; Rae et al., 2010; Motoba et al., 2012; Kalmoni et al., 2015] and supports that auroral beads, the ionospheric manifestation of a plasma instability, are a common and necessary process for substorm onset. However, whether the instability is initiated locally in the near-Earth tail or due to the effects of reconnection in the distant tail remains to be determined. Well-defined azimuthal structuring exists within most substorm onset arcs and grows exponentially before the large-scale classical "Akasofu" onset. This implies that a magnetospheric instability is active during the overwhelming majority of substorms in the minutes preceding global auroral brightening.
It has been shown on multiple occasions that the substorm onset arc is embedded within closed field lines in the inner magnetosphere [e.g., Samson et al., 1992; Murphy et al., 2012 Murphy et al., , 2014 . The open-closed field line boundary is defined by the poleward edge of the electron aurora [Blanchard et al., 1995] , which is significantly poleward of the substorm onset arc and conjugate to the tail reconnection site. Auroral substorm onset occurs near the peak in the proton aurora, which is where the magnetic field topology changes from dipolar to taillike and pressure gradients develop [Samson et al., 1992] . Hence, this is also the region where the magnetotail is most unstable to, for example, shear-flow ballooning instability [Voronkov et al., 1997] . As demonstrated here, auroral beads, the ionospheric projection of the substorm onset instability, are observed prior to full auroral breakup in over 70% of substorms and during 90% of substorms within 2 min of global auroral breakup. The high prevalence of beads suggests that the instability in the inner magnetosphere develops before the classical definition of substorm onset. No other mechanisms are able to reliably describe the repeated observation of periodic auroral beads observed azimuthally along the substorm onset arc. Our results demonstrate a fundamental link between substorm onset and the development of an inner magnetospheric plasma instability.
be considered a special case, but rather a common feature in the auroral substorm sequence. In Figure 3 we demonstrate that, in the majority of cases studied, the bead amplitude is less than 10% of the background arc intensity. A lower ratio of bead amplitude to arc amplitude makes these characteristic spatial scales more difficult to identify without quantitative analysis, and this explains why auroral beads have not been previously reported as a regular feature of onset arcs. Bead signatures can be extremely low amplitude (Figure 3) , sometimes~40 counts or 1% of the background arc intensity. What processes result in auroral beads, and indeed what processes create the substorm onset arc, are unclear. However, we show here that bead amplitudes grow exponentially which is a classic signature of the linear stage of an instability. What process or processes drive this particular instability, how magnetosphere-ionosphere coupling operates, and how the beads relate to the substorm onset arc are all open questions that arise from our hypothesis that beads are ubiquitous to substorm onset arcs.
We note here that the spatial resolution available from the THEMIS ASIs may not always resolve the required spatial scales for beads to be resolved. Although the spatial resolution of the THEMIS ASIs corresponds tõ 1 km at zenith, this resolution becomes much lower toward the horizon. At the spatial and temporal resolution of the ASIs, a beading onset time was identified for 90% of events, with 70% of events prior to auroral susbtorm onset. We propose that higher spatially resolved auroral measurements would demonstrate that beads are a universal signature along the onset arc. Hence, a plasma instability is active in the inner magnetosphere and therefore an integral component of the substorm process during the vast majority of substorms.
Conclusions
In this work we have presented detailed auroral analysis of the spatial structuring and dominant scales of 195 independently identified substorm onset arcs. We show that in at least 90% of events studied, auroral beads are observed along the onset arc in the minutes surrounding substorm onset. Auroral beads can statistically be observed~2 min before auroral onset at low spatial scales and are the earliest signature of waves which exists in the near-Earth magnetosphere on closed field lines. In the minutes around auroral onset, the waves start to grow exponentially over a wide range of spatial scales; this is characteristic of the linear stage of the instability [Rae et al., 2010; Motoba et al., 2012; Murphy et al., 2014; Kalmoni et al., 2015] . During the transition from preonset to postonset times, the consistent median statistical characteristic spatial scale of the instability is indicative that a single instability is active at these times. Previously auroral beads have been underreported, because the bead amplitude is typically less than 10% of the background arc intensity, and are thus difficult to identify without quantitative analysis techniques. This is consistent with the substorm onset arc being either created, or perturbed, by an instability in the equatorial inner magnetosphere, which precedes auroral breakup by several minutes. In situ measurements are required to investigate this and determine whether the instability is initiated via external energy sources or locally at the near-Earth edge of the plasma sheet.
